Abstract -Josephson soliton oscillators integrated in a resonator consisting of two closely spaced coplanar superconducting microstrips have been investigated experimentally. Pairs of long one-dimensional Josephson Junctions with a current density about 1000 A/cm2 were made in Nb/AlOx/Nb trilayer technique. Different modes of half-wave resonances in the thin-film structure impose different magnetic field configurations at the boundaries of the junctions. The dc IV-characteristic shows zero-field steps (ZFS) with a number of resonator-induced steps. These structures are compared to rf-induced steps generated by phase-locking of the soliton motion to an external microwave source. The two different resonant configurations identified may be interpreted as a coupling to the microwave field at the end boundary, and as a more homogeneous coupling distributed over the junction length, respectively.
I. INTRODUCTION
The interest in Josephson fluxon oscillators has increased because of their potential applications as electronic devices [l] such as local oscillators for SIS mixers in cryogenic integrated millimeter wave receivers for use in radio-astronomy and space-communication [2] .
The one-dimensional fluxon oscillator is a Josephson tunnel junction which is much longer than the Josephson penetration depth, X J , in one direction and comparable to or less than X J in the other direction. When the junction is properly dc biased, a localized magnetic flux quantum can oscillate back and forth in the junction and by being reflected at the edges generates electromagnetic radiation in the millimeter wave frequency range with a power in the low nW range. This power, however, is too low for most applications.
A possible way to raise the power without loosing the quality of the oscillator is to use one-or two-dimensional arrays of mutually phase-locked fluxon oscillators [2] . In such an array it is essential to determine the nature of the mutual coupling and to optimize the coupling between the junctions and the surrounding network. Earlier experiments showed that spontaneous phase-locking in an array may take place near the resonance frequencies of a microstrip transmission line placed close to the junction [3] .
Experiments with another geometry where the junctions are an integrated part of the resonator have shown mutual phase-locking [4] as well as phase-locking to an external resonator [5] . Here we report on a more detailed study of the influence of this geometry in order to better understand the nature of the interaction between the soliton and the cavity.
MEASUREMENTS
The samples were fabricated in Nb/AlOx/Nb trilayer technology with a critical current density of lo3 A/cm2 as described elsewhere [6] . Fig. 1 gives an overview of the sample geometry. The length and width of the two Nb-film strips are 2000 pm and 200 pm, respectively. The mutual distance is 44 pm. The Josephson overlap junctions (200 p m by 10 pm) are closely spaced near the center of one of the Nb-films. The substrate is a 625 p m thick silicon chip which could be mounted onto a copper groundplane. In Fig. 1 , a two-junction geometry is shown, while other samples have 4 3 or 16 junctions. The junctions are almost identical with a critical current of 10 mA. The Josephson penetration depth is estimated to X J fli 10 p m giving a maximum plasma frequency of 130 GHz.
As evident from Fig. 1 the junctions are current biased in series, while only the sum of the voltages across the individual junctions can be measured. On samples with four junctions, the voltage could be measured over each of the two pairs. In spite of this it is without ambiguity possible to dc bias each junction independently in any point of the IV-characteristic [4]. The maximum voltage of the first zero-field step (ZFS1) is 100 pV giving a maximum soliton oscillator frequency of 24 GHz. Fig. 2 shows the lower part of ZFSl for one of the junctions in a four-junction sample. Also a hysteretic step at 79 p V , corresponding to a soliton frequency of 19 GHz, is present. A series of minor steps can also be seen on Fig. 2 at lower voltages. These self-induced substeps on the ZFS have earlier been explained as being due to a coupling between the soliton oscillator and an external resonator [5,7]. By applying a small magnetic field in the plane of the junction it was possible to marginally change the boundary condi- Fig. 1 Schematic drawing of the sample geometry. The loosely coupled microstrip antenna shown in the top of the figure is used for the microwave measurements.
tions for the reflection of the solitons, which in turn changed the coupling. The substeps were approximately one order of magnitude more sensitive to the magnetic field than the critical current and, actually, some substeps could only be seen with an applied magnetic field. is the static resistance of the bias point. On the hysteretic step strong microwave radiation emission corresponding to the soliton frequency was detected. Detailed measurements of the linewidth showed that the above mentioned proportionality actually was fulfilled, indicating that low amplitude Nyquist thermal noise dominates the voltage fluctuations in the junction.
RESONANT MODES From earlier investigations [7]
it is known that the present geometry can support several resonant modes. One is a coplanar mode, where the rf electric and magnetic fields are mainly confined to the narrow gap between the Nb-films. This mode preferably couples to the Josephson junction boundary facing the gap.
The others are the microstrip modes supported by each of the Nb-films and the groundplane placed beneath the substrate. The fields are here more evenly distributed across the films. The latter modes have slightly different resonance frequencies because the symmetry is broken by the presence of junctions in one of the Nb-films.
To clarify the problem with coupling to several coexisting resonance modes, we systematically tried to suppress each of the modes by changing the geometry. The effect on the substeps of removing the groundplane was negligible, while measurements on a geometry where the 6 00 5 0 0 .
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steps was seen to vary app subharmonic number. the hysteretic step corresponds t At lower temperatures the s while at sufficiently pletely disappeared. high temperature w tenna shown at the steps were observed A typical IV-curve (Fig. 3) shows the well-known structure of the devil's staircase with locking at n / m = {1/3, 2/5, 3/7, 4/9, 5/11 ,..., 1/2}. In Fig. 2 , the 3/7 and 5/11 harmonics are missing. However, by applying a small external magnetic field these steps actually appeared on the ZFS.
Also samples with a single pair of junctions were investigated. Several substeps were seen, and again their positions correspond to locking at fractional harmonics of the resonance frequency of the coplanar mode. Besides reproducing the substeps below n / m = 1/2, the symmetry around 1/2 was confirmed by the following sequence of observed substeps at higher voltages: n / m = {1/2,6/11,5/9,4/7,3/5}. For even n it was necessary to apply a small magnetic field in order to observe the substeps.
The rf-driven long Josephson junctions show constant-voltage current steps, which has been attributed to the phase-locking of single fluxon oscillations to the external signal. The main problem in modelling this locking is to choose the correct boundary conditions, i.e., whether it is more realistic to model the interaction between the junction and the microwave field by introducing time-dependent boundary conditions representing the rf magnetic field or by adding an rf-current term to the perturbed sine-Gordon equation, used to model the dynamics of the junction [9] . In the former approach, known as the "M-model", the energy exchange takes place only at the boundaries. In the latter, known as the "E-model", the energy is uniformly supplied along the junction [9]. Ref. 11 suggests an experimental test which may discriminate between these types of couplings in the small signal limit. Assuming pure magnetic coupling, the phase-locked step is symmetrical relative to the unperturbed ZFS. With both coupling effects present, the uniform coupling may shift the rf-steps towards a higher bias value so that the resulting rf-steps become asymmetrical [ll] .
By operating the junction as a self-detector. i.e. current biasing it at the superconducting gap and measuring the small changes in voltage when applying a microwave signal, it was possible to detect resonances in the system when the frequency of the signal was varied. In a twojunction sample such measurements combined with measurements of the height of the rf-induced steps and the suppression of critical current, both as function of signal frequency, revealed the presence of two resonances at urj = 14.5 GHz and at vrj = 17.8 GHz, respectively. The latter is close to the hysteretic substep at 18 GHz ascribed to the coplanar mode in this sample. Experiments on other two-junction samples without groundplane did not show any resonant behaviour around 15 GHz, substantiating that the first resonance is due to the microstrip mode. Fig. 4 shows the height AI of the phase-locked step at these frequencies as function of the applied signal amplitude found as the square root of the relative power read on a calibrated attenuator inserted between the millimeter wave source and the Josephson junction. The step at 14.5 GHz is nearly symmetric relative to the unperturbed ZFS, while the other at 17.8 GHz is shifted upwards. A similar variation was actually seen in Ref. 7. It is therefore experimentally possible to distinguish between different kinds of coupling between the soliton oscillator and the external field.
IV. CONCLUSION
In a coplanar thin-film structure with integrated pairs of long Josephson junctions locking behaviour between distributed resonator modes and the soliton oscillator has been observed. Detailed investigations reveal that the soliton oscillator preferably locks to the coplanar mode with the strongest coupling to one of the end boundaries. By comparing to measurements on rf-induced steps, it was seen that the positions of the self-induced substeps followed a devil's staircase. The magnitude of the substeps was very sensitive to an applied dc magnetic field. 
